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ABSTRACT

The scope of this dissertation is to develop and apply
x-ray attenuation measurement systems that are capable of
1) characterizing density variations in high-temperature
. materials, e.g., monolithic ceramics, ceramic and
intermetallic matrix composites and 2) noninvasively
- monitoring damage accumulation and failure sequences in
ceramic matrix composites under room temperature tensile
testing.

This dissertation results in the development of 1) a
point scan digital radiography system and 2) an in-situ
x-ray material testing system. The former is used to
characterize silicon carbide and silicon nitride specimens
and the latter is used to image the failure behavior of
silicon carbide fiber reinforced reaction bonded silicon
nitride matrix composites. Further, state of the art x-ray
computed tomography is investigated to determine its
capabilities and limitations in characterizing density

variations of subscale engine components, e.g., a silicon



carbide rotor, a silicon nitride blade, and a silicon
carbide fiber reinforced beta titanium matrix rod, rotor,
and ring. Microfocus radiography, conventional radiography,
scanning acoustic microscopy, and metallography are used to
substantiate the x-ray computed tomography findings.

Point scan digital radiography is a viable technique
for characterizing density variations in monolithic ceramic
specimens. But it is very limited and time consuming in
characterizing ceramic matrix composites. Precise x-ray
attenuation measurements, reflecting minute density
variations, are achieved by photon counting and by using
micro collimators at the source and the detector. X-ray
computed tomography is found to be a unique x-ray
attenuation measurement technique capable of providing cross
sectional spatial density information in monolithic ceramics
and metal matrix composites. X-ray computed tomography is
proven to accelerate generic composite component develop-
ment.

Radiographic evaluation before, during and after
loading shows the effect of preexisting volume flaws on the
fracture behavior of composites. Results from one-ply,
three-ply, five-ply and eight—ply ceramic composite
‘specimens, shows that x-ray film radiography can monitor
damage accumulation during tensile loading. Matrix
cracking, fiber-matrix debondihg, fiber bridging, and fiber

pullout are imaged throughout the tensile loading of the
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specimens. Further in-situ film radiography is found to be
a practical technique for estimating interfacial sheér
strength between the silicon carbide fibers and the reaction
bonded silicon nitride matrix. It is concluded that pre-
test, in-situ, and post-test x-ray imaging can provide for
greater understanding of ceramic matrix composite mechanical

behavior.
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SYMBOLS AND ABBREVIATIONS
Symbols are defined where they first appear in the text.

Following are most of the symbols for easy reference:

// parallel

(0], One-ply unidirectional composite
[0]5 Three-ply unidirectional composite
[(0]1g Five-ply unidirectional composite
[0]1g Eight-ply unidirectional composite
T Interfacial shear stress

Og Engineering stress

o(x) Quantum noise

'] Energy flux density

A X-ray wavelength

€ Axial strain

m Total linear attenuation coefficient
u/p Total mass attenuation coefficient
(B/p)c Total mass attenuation coefficient of a compound
p Density

a.” Composite stress at first matrix cracking
A Atomic weight

a Source-to-object distance
b Object-to-detector distance

c Radiographic film contrast

c Velocity of light

Cres Resultant radiographic contrast
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Subject radiographic contrast

sub
D¢ Diameter of fiber
E Modulus
Eqject Energy of electromagnetic field
E, Modulus of matrix
E¢ Modulus of fiber
Epe Primary modulus of composite
E(rom)c Rule of mixtures composite modulus
forlect Frequency of electromagnetic field
G, Film gradient
h Plank's constant
I X-ray tube current
M Magnification
N Number of transmitted photons
N, Number of incident photons
Np Avogadro's number
Nege Effective number of photons
N, Number of primary photons
Ng Number of scattered photons
R Geometric resolution
s Total cross section atomic attenuation
coefficient
S¢qg Focal spot size
SNR Signal to noise ratio
SNR; yeal Ideal SNR
Uy Geometric unsharpness
v X-ray tube voltage
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ASDR
ATTAP
BSE
CATE
CT

cMe
DR
DQE
EDAX
GPIB
HITEMP
ID

IMC
IXMTS
' LAM/DE
LES

LSDR

Fiber volume fraction

Matrix volume fraction

Proportion by weight of the ith constituent
Matrix spacing

Mean crack spacing

Material thickness

Atomic number

Advanced gas turbine

Area scan digital radiography

Advanced turbine technology applications project
Back scattered electron

Ceramic application in turbine engines
Computed tomography

Ceramic matrix composite

Digital radiography

Detection quantum efficiency

Energy dispersive analysis x-ray

General purpose interface bus

NASA high temperature material's program
Inside diameter

Intermetallic matrix composite

In-situ x-ray and materials testing system
Laminography/dual energy

Light-weight engine structure

Line scan digital radiography

Metal matrix composite



NDE

oD

PSDR

SN

sC

XCT

Nondestructive evaluation
Outside diameter

Point scan digital radiography
Silicon nitride

Silicon carbide

X-ray computed tomography
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CHAPTER I

INTRODUCTION

High-temperature engine materials e.g., ceramics,
intermetallic matrix composites (IMCs), metal matrix com-
posites (MMCs), and ceramic matrix composites (CMCs) are
being developed mainly for aeronautic propulsion components
(HITEMP Review 1988). High-temperature materials offers
good oxidation resistance, low density, and high-temperature
strength, in addition to operating at significantly higher
temperatures than metals and superalloys. The use of these
composites reduces engine cooling requirements, engine
weight, and consequently fuel consumption (HITEMP Review
1989). Payoffs in engine performance and cost savings are
expected. MMCs and IMCs can be used over the temperature
range of 800 to above 1370 °C (1475 to above 2500 °F), CMCs
can be used in the range of 1100 °C (2000 °F) to 1650 °C
(3000 °F). 1IMCs and MMCs are targeted as compressor and

turbine disks materials whereas CMCs are targeted for
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extreme high temperature applications such as turbine vanes,
blades, and disks (Stephens 1990).

Monolithic structural ceramics are limited by
detrimental inherent defects (Evans et al. 1977; Evans
1984), low fracture toughness, low strain tolerance, and
reliability assurance (Harper 1983; Baaklini 1987;
Structural Ceramics 1986). In order to overcome the
limitations of monolithic structural ceramics, CMC
development is being pursued aggressively to improve
fracture toughness and strength, and to minimize the
sensitivity to detrimental flaws.

Limiting factors for IMCs include fiber-matrix
coefficients of thermal expansion (CTE) mismatch, analytical
modeling in conjunction with composite development, and
ductility/toughness of the matrix (Stephens 1990). Limiting
factors for CMCs include fiber-matrix interface, development
of high strength and small diameter fibers, and analytical
modeling for 1life prediétion. In addition to developing
high CTE fibers for IMCs and small diameter/high strength
fiber for CMCs, one critical issue is to identify failure
and damage mechanisms so that better modeling and life
- prediction can be done on these emerging composites.

Progress in the processing of high temperature
materials has not been matched by detailed mechanical and
nondestructive testing efforts which are needed to support

designing new materials and related generic components. A



definite need exists for experiments that identify the
failure mechanisms and follow the damage progression.
Upgrading the capabilities of existing NDE techniques for
characterizing density variations and recognizing
detrimental defects in the new material systems is also
needed. Innovative experiments that monitor specimens under
loading are needed before mechanical models can be fully
developed.

The processing of new and innovative high-temperature
materials requires concurrent development of new and
innovative nondestructive evaluation (NDE) technologies.
Sanders and Baaklini (1988) demonstrate that nondestructive
materials characterization and proper feed-back help
optimize the processing procedures. Nondestructive quality
inspection where specific ASTM standards procedures are
applied assures materials reliability. Vary (1991) suggests
that ne;-NDE standards and methodologies should mature
simultaneously with advancements in materials development.
Similarly, manufacturing of high-temperature generic engine
component calls for simultaneous development of creative NDE
techniques and for upgrading existing NDE technologies.

The purpose of this dissertation is to develop and
apply x-ray attenuation measurement systems that are capable
of characterizing density variations and of monitoring
damage accumulation and failure mechanisms in high

temperature materials and components. This work should
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accelerate generic monolithic and composite components
development and provide for greater understanding of related
mechanical behavior.

Many researchers have evaluated monolithic ceramic
coupon type materials by using conventional and advanced NDE
technologies but very little work has been done in the high
temperature composite areas (Vary and Klima 1991). Nuclear
magnetic resonance imaging is a feasible NDE modality for
quantifying organics in injection-molded green (unfired)
ceramics (Ellingson et al. 1987a and 1989; Gopalsami et al.
1990). Automated visual examinations (Bowman and Batchelor
1985) are routinely used to detect surface-connected
anomalies in fired objects. Conventional film radiography
and immersion scanning ultrasonics are methodically used to
detect sizeable (greater than 0.5 mm in diam.) surface and
volume flaws in specimens and components. Flaws down to 25
pm in diameter can be resolved by acoustic microscopy and
microfocus radiography (Nikoonahad 1984; Baaklini et al.
1986a, 1986b, 1987, 1990), scanning laser acoustic
microscopy (Roth et al. 1986 and 1987), and x~ray tomography
(Yancey et al. 1990 and 1991) under stringent conditions
-e.g., moderate material thickness and good surface finish.
Ultrasonic attenuation and velocity (Generazio 1985;
Generazio et al. 1987; Baaklini et al. 1989), acousto-
ultrasonics (Kautz and Lerch 1991a; Kautz and Bhatt 1991b;

Vary 1978 and 1988; Hemann and Baaklini 1986), backscatter



ultrasonics (Goebbels 1980) were successfully used to
quantitatively characterize the microstructure and to
experimentally deduce correlations between NDE parameters
and mechanical and physicai properties of materials.

NDE of emerging subscale engine components is vefy
limited. The ceramic application in turbine engines (CATE
1981 and 1984) programs included NDE applications on blades
and rotors. The advanced gas turbine technology project
(AGT 1988) and the advanced turbine technology applications
project (ATTAP 1990) also include NDE applications for
material processing optimization. NDE capabilities are
being uncovered in high temperature composite components as
NDE programs are integrated early on in the development
program. But the role of NDE is still not clearly defined.

Defining NDE requirements and goals for high-
temperature materials is reviewed and assessed in
chapter II. Chapter II briefly describes the fabrication of
selected high-temperature materials, concisely surveys
candidate novel NDE techniques for characterizing emerging
materials, and succinctly explores the role of NDE in
materials development.

In chapter III the buildup of a point scan digital
radiography system is described. Objectives for building
this system are explained. Capabilities and limitations of

this system for materials characterizations are defined.



In chapter IV an extensive study of NDE capabilities
and limitations for characterizing monolithic ceramic
components is pursued. The work in this chapter is a step
forward toward validating x-ray computed tomography (XCT)
results via metallography, radiography, and ultrasonics.
This effort represents an extension of the early effort
(CATE 1984; AGT 1988) in.NDE of ceramic monolithic
components.

In chapter V the capabilities and limitations of XCT
for characterizing MMC specimen and subscale engine
components are defined. This work provides new data and
composite calibration data, helps identify fabrication
related problems, and guides geometric and stiffness
modeling of composite constituents.

Proposed CMC components are not yet available.
However, related CMC specimens are obtainable and
procurable. CMC mechanical behavior is not well understood.
In chapter VI in-situ x-ray monitoring, a new and unique
capability, noninvasively monitors damage accumulation and
failure sequences in unidirectional silicon carbide fiber
reinforced reaction bonded silicon nitride matrix
(SiC/RBSN). This work provides greater understanding of
SiC/RBSN mechanical behavior, and consequently helps in the
validation of newly developing analytical models.

Chapters VII and VIII bind, discuss, and conclude the

dissertation as a whole. Chapter IX highlights future



research needed to advance state-of-the-art NDE technology
in order to fulfill emerging technology requirements in
high-temperature materials and advanced engine component

development.



CHAPTER II

REVIEW, DEFINING NDE REQUIREMENTS AND GOALS FOR
CHARACTERIZING HIGH~TEMPERATURE MATERIALS

Introduction

In this chapter the fabrication of selected high-
temperature materials and related components are briefly
described. Selected NDE techniques are concisely surveyed.
The role of NDE in materials development is succinctly

explored.

Materials and Subscale Engine Components

S8ilicon carbide rotor

The turbine rotor was fabricated at Sohio via injection
molding of sintered alpha silicon carbide material (AGT
.1988). Carbide injection molding involves plastic forming of
mixtures of powder and organic additives (binders) which

deform under pressure and heat into desired complex shapes
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(Richerson 1982). The binders have low enough viscosity to
allow flow of the mixture at specified temperatures and
pressures. The viscous material is forced into a shaped
tool cavity until the cavity is filled and the material has
fused together under pressure and temperature to produce the
homogeneous part. The major problems in plastic-forming
processes are binder removal before firing and achieving
high enough green density. Inadequate removal of binders
results in cracking, substantial shrinkage, bloating, and
nonuniform densification. Hot isostatic pressing (HIP) was
used to improve microstructural homogeneity. Pores in the
large hub area of the rotor are the flaws which dominate

failure.

Silicon nitride disks and blade

The silicon nitride composition for the disks contains
5.8 wt % Si0, and 6.4 wt % Y,0;. Disks were slurry-pressed
(Sanders et al. 1989) under 9 MPa, dried, and cold
isostatically pressed under 414 MPa to increase the green
density (Appendix A). Thereafter, the disks were sintered
"(Appendix B) at 2140 °C for 3 hours under 5 MPa N,. Boron
nitride setters separated the disks from each other during
sintering. X-ray diffractometer scans of polished surface
of disks show beta silicon nitride to be the only detectable

crystalline phase.
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The silicon nitride blade was injection molded and
sintered by General Telephone and Electronics (GTE)
laboratories (CATE report 1981 and 1984). The process

routing outline is shown in Appendix C.

Silicon carbide fiber reinforced silicon nitride

The composites are consolidated by hot pressing and
reaction bonding processes. Fiber mats are prepared by
winding the fiber at a specified spacing on a cylindrical
mandrel, spraying polymer binders to reserve fiber spacing,
and cutting the mats to required size. Matrix tapes are
prepared by blending the silicon powder with a polymer
binder, then the mixture is rolled into tapes of specified
thickness. Setting the fiber spacing and matrix mat
thicknesses controls the fiber volume fraction of the
composite. Alternate layers of silicon tapes and fiber mats
are stacked in a metal die and pressed in vacuum hot-press
between 800 to 1000 °C for one hour at pressures between 50
to 100 MPa. Finally, the SiC/Si preforms are heat treated
in nitrogen between 1000 to 1400 °C for up to
-100 hours to convert silicon to silicon nitride as the
matrix material. Composite panels containing 9 to 24% fiber
volume fraction are fabricated with typical dimensions of
125 by 50 by 2 mm. Only one 8-ply specimen is nitrided at

1350 °C in N, + 4% H, for 80 hours in comparison to all
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other specimens which are nitrided at 1200 °C in N, for
40 hours.

RBSN matrix was chosen because dimensional changes do
not occur during nitridation (it is a matter of filling in
the pores). This makes it an ideal matrix for complex shape
component development. Further, the technique results in
high purity matrix material which possesses good high-

temperature properties with high resistance to creep.

S8ilicon carbide fiber reinforced titanium base composites

The fabrication procedures of the fiber reinforced rod
and ring are schematically shown in Appendix D (Figs. D.1
and D.2). A bundle of SCS-6 (142 um in diameter) filament
is spirally wound with titanium ribbon, then the filament
bundle is inserted in a titanium alloy C cylinder to
fabricate the rod and in a slotted alloy C disk to fabricate
the ring. Titanium caps are welded to each 'end of the
cylinder and to the top of the slotted disk for sealing.
The sealed cylinder and disk are consolidated by hot
isostatic pressing. The consolidated composite cylinder
"and disk are then machined into a rod and a ring.

The fabrication procedures of the subscale integrally
bladed rotor are schematically shown in figure D.3 of
Appendix D. Powder coated SCS-6 fibers are traversely wound

and consolidated in hard (graphite type) tooling to make the
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composite ring. Thereafter the ring is inserted into a
slotted disk, capped and vacuum-hot-pressed (VHP) bonded.
The bonded composite disk is then machined into an

integrally bladed rotor.

Novel NDE Techniques

In this section, x-ray attenuation measurement and
selected ultrasonic measurement are the only NDE techniques
stressed because of their ability to characterize the

densified materials under consideration.
X-Ray film radiography and microfocus radiography

X-rays, i.e., photons are a form of electromagnetic
radiation with wavelengths ranging from 10 & to 0.0001 &
(Appendix E). Roentgen discovered x-rays in 1895. The

energy E of a photon is proportional to the frequency f_;.ct

of the electromagnetic field by E = hf where h

elect elect’

is the Plank's constant. The minimum wavelength, A of

min/s
the x-ray is given by c¢/f.).ct=Ch/E. oct=Ch/eV, where c is
- the velocity of light, e is the charge on the electron, and

V is the voltage across the x-ray tube:
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12395

Auin (in A) = V(in volts)

(2.1)

X-rays of different energies are emitted from an anode
(Fig. 2.1 (a)) creating a continuous x-ray spectrum as shown
in figure 2.2 (a). The intensity, (energy flux density in
J/m?=W/m?) of x-rays, is defined as the number of photons
per unit of area multiplied by their energy. The energy
flux density is proportional to the tube current, I, to the
atomic number of the anode material, 2, and to the square of
the tube voltage, Ve

v "~ I2ZV? (2.2)

Figures 2.2 (b) and 2.3‘show the effect of the tube
voltage, the tube current, the inherent filtration in the
anode, and the additional filtration on the intensity of
xX-rays.

The intensity of a beam of x-rays is attenuated as it
interacts with matter via absorption and scattering
mechanisms. The number of photons dN passing through a
thin layer of the matter depends on the number of incident
- photons N, and decreases proportionally to the thickness
dx of the layer and the total linear attenuation

coefficient u of the material:
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Filament

X-rays  spot size

(a) Conventional tube.

Filament
X-rays
(b) Panoramic tube.
\ o
?:::::::: Anode
Filament X-ra
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|ntenslty dlstance
A3 AY
M2
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| //i/ /Av \’
D is thickness of defect / / \ Scattered ? :#:::'
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7 7 >
4 Intensity of n Geometdc 72
direct radiation unsharpness

{c) Microfocus tube.

Figure 2.1.—Schematic configurations of x-ray tubes and of microfcus projection
radlography.
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— Removed by filtration
| of anode itself

_— Klines
=" characteristic
/ x-rays

— @ peak
| voltage

— Energy spectrum at a tube voltage Vo
Influence of higher voltage

——=—=Influence of additional filtration
~e  influence of lower current

Photon intensity
l
I

Photon energy
Figure 2.2.—Spactrums of x-ray energles leaving an x-ray tube.
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High-intensity-hard x-rays

Low-intenslity-hard x-rays

High-intenslity-soft x-rays

Low-intensity-soft x-rays

Figure 2.3.—Effects of tube potentlal (kV) and tube current {(mA).
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dN = - u N dx (2.3)
By dividing with N and integrating over N and x

the exponential law of attenuation is obtained:

N=Nyge ™ HXp (2.4)

where N;y is the number of incident photons, N the number
of transmitted photons, and X, is the thickness of the
material. In actual application a spectrum of Ny (hfg,o.¢)

exists which calls for integration over hf The

elect*
attenuation process is a very complex one which includes
photoelectric absorption, Rayleigh scattering, Compton
scattering, and pair production as shown in figure 2.4.
Detailed information on the attenuation mechanisms can be
found in Halmshaw (1982) and Siemens (1990), and information
on linear attenuation coefficient dependency on 2Z and
energy can be found in the Nondestructive Testing Handbook
(Vol. 3, 1985). Briefly, the attenuation coefficient varies
directly with 2 for the Compton effect, between 2% and
2> for the photoelectric effect, and 2Z(2+1) for pair
‘production.

Linear attenuation coefficients are proportional to the
material density, p, which depends on the physical state of
the material. Hence, most tables list mass attenuation

coefficient, u/p, to eliminate the density dependence. i
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positron
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R - Raylelgh scattering photon
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Figure 2.4.—Typical interaction of x-rays with matter.
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1

is in cm™ and p is in g/cm?® , this makes the ratio L/p

in cm?/g. By rewriting equation (2.4) as follows:
N = Ny o i/ (pxn) (2.5)
and by using an equivalent attenuation law

N = Nge ™ 5 *n (2.6)

3, is given by

where n, the number of atoms per cm
(Np P)/A, s 1s the total cross section atomic attenuation
coefficient (proportionality constant), N, 1is Avogadro's
number, and A is the atomic weight; the mass attenuation
coefficient pu/p is shown to be proportional to the total
phbton cross section, i.e., to the sum of all the cross
sections from the scattering and absorption mechanisms, and

to Avogadro's number, and inversely proportional to the

atomic weight A as shown below:

p/p = (N s/A) (2.7)

The total mass attenuation coefficient of a compound,

(k/p)., can be approximately calculated from the mass
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attenuation coefficients of the constituents element p,;/p;

according to their relative abundance by weight
/P = Y wilpi/ps) (2.8)
i

where w; 1is the proportion by weight of the ith

constituent. For example, for SicC:

(£/P)gjc = [28.086/(28.086+12.01115)] (u/p)g;

+ [12.01115/(28.086+12.01115)] (p/p)e (2.9)

For energies above 10 keV this rule of mixture
introduce errors of less than 5% due to changes in the
molecular, chemical, or crystalline environment of an atom
(Hubbell 1969).

Several means of detecting differentials in photon
attenuation exist for x-rays passing through matter. Film
radiography is the most widely used technique for recording
radiation as a variation in the silver deposit of an exposed
and then processed film. Flubroscopy, image intensifiers,

‘television systems, scintillation counters, and matrix
scintillator or semiconductor detectors are also used to

record radiographic information.

Radiographic detectability depends on the spatial
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resolution and type of energy qf the radiographic syétem,
and on the image contrast and its spatial resolution as
recorded on the radiographic detector. 1In film radiography
the spatial resolution is a function of the film graininess,
which governs signal-to-noise ratio, and of the geometric

resolution R given by
R>U; /M (2.10)

where M 1is the x-ray image magnification given by

M = (bt+a)/a, where a is the source-to-object distance and
b is the object-to-film distance (Fig. 2.1 (¢)). The
geometric unsharpness U, is given by

g

Uy = Sgg (b/a) (2.11)
where S, 1is the focal spot size. It follows that R can
be given as

R = S¢; [b/atb]. (2.12)
The radiographic image contrast (Parish, 1979) is given

C = [0.43(#y~Hy) (aX)G,]/ (1+Ng/N,) (2.13)

where u, is the total attenuation coefficient of the
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matrix, u, is the total attenuation coefficient of the
defect, aX is the dimension of the defect in the direction
of the x-ray beam, G, is the film gradient, N, is the
number of scattered photons, and Np is the number of
direct image forming radiation (primary photons).

In conventional radiography S;, 1s on the order of
400 pgm to 3mm and a>>b. In microfocus radiography S¢, is
on the order of 10 to 50 um and b>a. This implies that
scattered radiation are minimal in microradiography and
sizeable in conventional radiography. Further, large S¢g
in conventional radiography limits projection capabilities
because of deterioration in geometric unsharpness
(equation 2.11). As shown in equation (2.13), a smaller
ratio of NS/Np and a larger difference (au) = K, — K, are
needed to .improve the image contrast. Microfocus radio-
graphy maximizes detectability because 1) in general it
possesses an anode with a lower atomic number which
increases the contrast by presenting greater differences in
(ap) (Radiological Health Handbook 1870), 2) it permits
projection which prevents scattered radiation from fogging

the image, and 3) it has small focal spot size.
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Digital x-radiography

Reviews of digital radiography (DR) are available in
the literature, e.g., Reiderer (19§5), Arnold, et al. (1981
and 1982), Smathers, et al. (1985), and Kereiakes, et al.
(1986) . Most of the DR research and applications have been
in the medical community, even though digital radiography
has been evolving since the late seventies. DR has profited
from the digital techniques that were developed for
computerized x-ray tomography applications after its
invention by Hounsfield (1973).

In DR two-dimensional projection images are digitally
acquired and recorded with various detector technologies and
related readout procedures. DR systems include point-scan
digital radiography (PSDR), line scan digital radiography
(LSDR) , and area scan digital radiography (ASDR) (Fig. 2.5).
The first digital radiographs were digitized x-ray films
read using backlighting and digitizing cameras or videcons
or using densitometric scanners. Regardless of the detector
technologies and the modes of conversion from analogue to

digital format, digital acquisitions are ideal for (1) mass

‘image storage, i.e., optical disks, (2) dual energy

subtraction, (3) temporal subtraction, (4) compensation in
wide dynamic ranges, (5) energy selective imaging, and
(6) other functions including spatial and frequency

filtering, contrast stretching, etec. Digital image and
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digital signal processing can enhance and improve x-ray
display capabilities (Openheim, et al., 1975; Preston,
et al., 1976; Gonzalez, et al., 1977; Pratt, 1978;
Capellini, et al., 1978, 1980; Simon, et al., 1980; and
Macovsky, 1983).

~Many critical factors that affect digital radiographic
systems should be considered before any advanced digital
image processing can be applied. These factors include:
(1) x-ray spectrum, energy, and intensity of the source,
(2) quantum detection efficiency of the source-detector
system, (3) signal-to-noise (SNR) ratio (Tapiovaara and
Wagner, 1985), (4) spatial resolution, (5) integration time
depending on the source-detector-scanning designs, and
(6) scatter reduction at the detector (Pfeiler, et al. 1985;
Macovsky, 1983).

DR images are composed of square pixels. Each pixel
has coordinates and an integer value representing its
brightness or photon counts. An 8-bit pixel brightness
ranges from 0 to 255. A typical 1024 by 1024 image consists
of approximately a million pixels. Digitization of a
14 by 17 inch continuous radiographic image film requires a
“digital radiographic image consisting of 4 million pixels.
Pixel size and field of view limit image resolution, because
the highest spatial frequency that can be imaged is one
cycle per two pixels according to the Nyquist criterion.

Combining projection radiography (higher magnification) with
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a large matrix detector improves region of interest spatial
resolution. DR images are not inherently contrast-limited
because brightness levels can be digitized virtually
indefinitely, e.g., 256, 512, 1024, etc. But display
contrast sensitivity is limited as in film radiography by
(1) video display type (2) the subject contrast Cgup (ideal
contrast neglecting scatter), and (3) the scattered

radiation (Rzeszotarski and Sones, 1989):

ces = Cgup [1 /(1 + SPR)] (2.14)
where, SPR is the ratio of the scattered radiation to
the primary radiation, and ¢, is paX if paX <<1.
Equation 2.14 is a general form of the contrast
equation 2.13.

The signal-to-noise-ratio (SNR) and the contrast are
interdependent

SNR = (K'C,o4) /0 (X) (2.15)

where, K is a proportionality constant (for example K is
0.43(G,) in equation 2.13), KC.,, is the radiographic
~contrast of a specific feature to-be-imaged, and o(X) is
the quantum noise. o(x) has a Poisson distribution that is
a function of the quantum efficiency of the detector or
scfeen n, the number of transmitted photons, and the

sampling area A,:
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o(X) = K/ ["AN (2.16)

where ©®A_N, a dimensionless gquantity, is the effective
number of photons absorbed in the sampling area Ag.
The detection quantum efficiency (DQE) is a measure of

efficiency of information transfer, given by
DQE = [SNR/SNR;g4ea;]? (2.17)

where SNR;4.,; is the SNR of the primary radiation N,.
Overall DQE 1is a product of all components of DQE. DQE
is always between 0 and 1. The SNR from equation 2.15 can

now be written as

(2.18)

SNR = Coup (Negs' As

where Ng¢.r 1is the product of DQE and Np, the effective
value of the primary photons.

PSDR possesses excellent scatter-elimination
-capabilities, low electronic noise, and high quantum
detection efficiency. The beam geometry dictates spatial
resolution, and time of exposure. A major disadvantage of
PSDR is inefficient use of the x-ray tube flux. LSDR

exhibits good scatter removal capabilities, low electronic
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noise, wide dynamic range, and high contrast detectability.
Disadvantages of LSDR are inefficient use of radiation and
variations in sensitivity between detectors. ASDR is very
efficient in using the full x-ray beam and allows near-real-
time acquisition. ASDR resolution is dictated by the
particular readout technology used and its contrast
sensitivity is dictated by the material detector. The
principal disadvantage of ASDR is poor scatter removal

capabilities..
X-ray computed tomography

Equation 2.4 can be rewritten by applying the logarithm

to the ratio Ny/N as follows in equation 2.19.

In(Ng/N)= p(Egiect) Xy (2.19)

In the case of inhomogeneous materials, equation 2.19
becomes the line integral along the x-ray beam that is the

sum of the linear attenuation coefficients,

1n(No/N) = I;‘ B(X,Eezect) dx (2.20)

This line integral is the foundation of x-ray computed

tomography. Sums of line integrals for a systematic series
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of angles and positions comprise the raw CT data. Most
X-ray CT scanners use polychromatic radiation that can be
treated as a large number of monochromatic beams (Pullan,
et al., 1981), each with different energy. Then, the number

of photons exiting a sample is given by

(2.21)

-J’OX,, (X/ Eetect) dx]

N(X:Eelect) = f:mx Ny (XrEelecf:)e dE

where E is the maximum tube energy. However, this

max
polychromatic radiation introduces the following
complications, (1) "beam-hardening" whereby high energy
photons are less attenuated thén the low energy photons as
they pass through the sample, increasing the mean beam
energy in an unpredictable manner, and (2) inaccurate
transmission measurement readings by CT detectors that are
in general proportional to the number of photons and their
energy. Once beam hardening corrections are made, the
linear attenuation coefficient is computed based on an

effective transmission measurement where the pu is assumed

constant within each voxel (a 3-dimensional pixel).

Cormack (1963, 1964) demonstrated in x-ray tomography
the importance of finding a real function in a finite region
of a plane by defining its line integrals along all straight
lines intersecting the region, similar to the original

mathematical problem of reconstructing a two dimensional
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function from its projected line integrals (Radon, 1917).
Similarly, Hounsfield (1973) obtained the solution to
unknown x-ray attenuation coefficient in two dimensional
domains by solving a set of simultaneous equations where the
pixel value can be calculated with the assumption that it
contains a percentage of the attenuated radiation as
depicted in the iterative reconstruction of figure 2.6. The
two scientist shared the Nobel Prize in 1979 for Physiology
and Medicine. The line integral approach is valid in X-ray
transmission tomography where the wavelength of the X-ray
‘beam is much smaller than the size of the feature to be
imaged, hence eliminating any x-ray diffraction
complications (Azevedo, 1988).

In x-ray computed tomography, information regarding the
innermost regions of an opaque object is provided by
measuring the x-ray energy transmitted through that object
and reconstructing individual cross-sections of it. Many
simplifying assumptions are used in the reconstruction
processes (Herman, 1981). These reconstruction processes,
e.g., the ones depicted schematically in figures 2.6
and 2.7, permit solving for the CT number for each voxel
-within the object given the x-ray transmission attenuation
values along a large number of lines in the cross-section.
The CT number is related to the linear attenuation

coefficient of the material,
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CT number = Fmaterial = Bwater . 44 (2.22)

Byater

A CT number equal to zero corresponds to water, and a
CT number of -1000 corresponds to p = 0 which is taken as
identical to that of air. The precision of the CT number
identifies the potential of the CT value for a single voxel
in representing that of a homogeneous object made from the
exact same material. The accuracy of the CT number
identifies how close the measured CT number is to the true
value, which is the total mass attenuation coefficient of
the voxel converted into a CT number. As discussed earlier
in this chapter the total mass attenuation coefficient
varies with the effective x-ray beam energy. This effective
energy depends on the tube potential settings, on the energy
spectrum of the polychromatic source, and on the attenuating
materials. Consequently, in order to use CT numbers for
precise and accurate representation of the total mass
attenuation coefficient, phantoms (Kropas et al., 1991) that
contains the same chemical elements as the material under
evaluation shall be used to calibrate the CT scanners.
| Reconstruction algorithms are classified in two major
categories (1) the transform algorithms which include
convolution methods, and (2) the series expansion
algorithms. Filtered back projection using a transform

algorithm is the most commonly used method. The steps are
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(1) measure the projections of £(x,y), (2) Fourier transform
them to obtain F(u,v) in the frequency domain, (3) convolve
with a weighting function, and (4) inverse Fourier transform
to reconstruct the object. Detailed examples of the back
projection algorithm for parallel beam, equiangular fan
beam, and equispaced fan beam are treated in Kak and Slaney
(1988) . Series expansion algorithms are slow in comparison
to transform methods because they converge too slowly, and
the availability of fast array processors make back
projection transform much more attractive.

All algorithms possess artifacts (Joseph, 1981;
Azevedo, et al., 1988) e.g., point spread effect, streaking,
and edge enhancement (density distortion at sharp edges).
Artifacts in CT are numerous and can be due to the geometry
of the scanner, nonlinearity of x-ray measurements, scatter,
beam hardening, partial volume effect, aliasing, and
insufficient angular sampling. Combined with image quality
limitations (Zatz, 1981) due to noise, insufficient spatial
and contrast resolution, image artifacts require a more
detailed examination of capabilities and limitations of each
specific CT system relative to specific material and
- objects.

Extensive reviews of XCT are available in the
literature, e.g., entire issues of technical journals in
IEEE Transactions on nuclear medicine and medical imaging

during the late seventies and early eighties, Ter-Pogossian
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(1977), Newton and Potts (1981), Kak (1988). Development of
industrial versus medical XCT systems has been advanced by
Scientific Measurement Systems Inc., Bio-Imaging Co.,
Innovative Imaging Systems Inc., Advanced Research and
Applications Corporation, and Genefal Electric.
Considerable research effort has been mounted for
application of these CT systems in characterizing advanced
ceramic materials, (Sawicka, et al., 1986, 1987; Ellingson,
et al., 1987b, 1988; Yancey, et al., 1990a, 1990b; London,
et al., 1990; Kinney, et al., 1990, 1991; Baaklini, et al.,
1991). Chapters IV and V will present new data on the
capabilities and limitations of a particular CT system for
characterizing ceramic and metal matrix composite
components.

Medical CT scanners are evolved into four generations/
types depending on the detector-source configurations. 1In
the first generation the source and a single detector
translate and rotate, in the second generation the source
and a linear array detector translate and rotate, in the
third generation the source and the fan beam array detector
rotate, and in the fourth generation the source rotates with
"an encircling fixed 360 degree detector. For research and
industrial application, the source and the detector are
usually fixed and the object holder translates and rotates.
The system described in chapters IV and V is schematically

presented in figure 2.8 and a CT slice is shown depicting
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the CT number variations within a composite object. The
magnification is on the order of 1.6 for all the scans in
chapters IV and V. The effective spatial resolution for the
system is 250 um. More detailed information on the system

is provided in chapter IV.
Ultrasonics

The emphasis in this section is on acoustic microscopy.
Acoustic microscopy is a pulse-echo ultrasonic immersion
technique that uses focused transducers (Lemons et al.,
1979; Nikoonahad, 1984; Khuri-Yakub et al., 1985). The
sound is focused by using curved piezoelectric material, or
ultrasonic lenses, e.g., a plano-concave lens glued to the
piezoelectric crystal, or a biconcave lens attached to the
front of the transducer (Birks and McIntire, 1991).

The lens concentrates the ultrasonic beam energy and
the focal plane is set within the sample to reduce the
effect of surface conditions on the reflected signal. The
major advantage of using focused transducers is the ability
to focus at different depths in the sample by adjusting the
-distance between the transducer-lens and surface of the
sample. The reflected ultrasonic pulse is time-gated and
changes in signal amplitude form an image of the sample

volume at a preselected depth (Fig. 2.9). The image is
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Figure 2.8.—A schematic of the LAM/DE scanning geometry and a display of the resulting CT slice.
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acquired in scanning acoustic microscopy (SAM) similarly to
a conventional ultrasonic C-scan using precision mechanical
scans.

The signal amplitude will be affected by density
variations, cracks, voids (Klima, et al., 1986), impurities,
and delaminations in laminated composite structures (Khuri-
Yakub, et al., 1985). Typically a 50 MHz system can detect
20 pm voids located 1 mm below the surface in monolithic
silicon nitride ceramics (Klima, et al., 1986).

The system shown in figure 2.9 is used to corroborate
the presence of density variations found by x-ray computed

tomography, see Chapter IV.

NDE Role in Materials Development and Characterization

Brittle fracture in monolithic ceramics is dominated by
minute defects and microstructural artifacts while composite
fracture is dominated by fiber strength and fiber-matrix
bond strength. The role of NDE in characterizing densified
monolithic ceramics differs greatly from its role in
densified metal and ceramic matrix composites. The NDE
“varies from defect detection and density characterization in
monolithics to noninvasive failure monitoring and

characterization of constituent integrity in composites.
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Monolithic ceramics

Strength and toughness of monolithic ceramics are
degraded by the presence of minute defects (Evans, 1984;
Singh, 1988; Gyekenyesi, 1988). Thus, the principal role of
NDE is to detect and size minute flaws, 10 um to 100 um in
size, e.g., cracks, voids, high density impurities, hard and
soft agglomerates, and large grains (Klima and Baaklini,
1986; Sanders and Baaklini, 1989; and Sanders, et al.,
1989). It is essential to characterize the milieu of these
discrete flaws because it is the surrounding material that
hinders or facilitates the crack growth and fracture. Subtle
variations in density and in phase composition may degrade
material properties (Rice, et al., 1977; Nishida, 1983; and
McCauley, 1987).

In materials development and characterization NDE of
monolithics is well established in the green state and in
the densified state. The following NDE methods are
applicable to green state bodies: nuclear magnetic
resonance to measure porosity and distribution of binders
(Ackerman, et al. 1987), film radiography to study green
vdensity uniformity and its effect on sintered bodies
(Sanders and Baaklini, 1988) and to evaluate reliability of
flaw detection (Baaklini and Roth, 1986a), x-ray computed
tomography to study density gradients (Ellingson, et al.

1987a and 1987b; and Friedman, et al. 1987), and ultrasonic
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velocity to evaluate density changes (Kupperman, et al.
1984) . NDE of densified state includes: gamma-ray computed
tomography (Sawicka and Palmer, 1986; Sawicka and Ellingson,
1987), ultrasonics (Iwasaki, 1981; Klima, et al., 1981;
Khuri-Yakub, et al., 1980, and 1982; and Tittman, et al.,
1980; Generazio, 1985, 1987), scanning laser acoustic
microscopy (Kessler and Yuhas, 1978; Yuhas, et al., 1979;
Roth, et al., 1986), photoacoustic microscopy (Rosencwaig,
1982; Khandelwal, 1987), and x-radiography and x-tomography
(Feldkamp and Jesion, 1986; Baaklini, et al., 1986b; and
Kress and Feldkamp, 1983). These NDE techniques
demonstrated applicability with certain limitations to flaw
detection and to density interrogation in coupon type
monolithic ceramic samples.

As discussed earlier, in chapter I, NDE of engine
components is very limited. A vital role of NDE is to
modify the existing NDE techniques that worked well in
coupon type sample for a successful transfer into the
component manufacturing and testing areas. Imaging
modalities with quantitative assessment capabilities will be
required to expose global variations in density, in chemical
‘composition, and in flaw population. Chapter IV establishes
capabilities and limitations of x-ray computed tomography as

it applies to monolithic ceramic components.
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Composites

NDE of high temperature composites is maturing as
researchers learn how to overcome difficult inspection
problems. These NDE problems include characterization of
matrix anomalies, fiber-matrix interfaces, and fiber
architecture peculiarities

In CMCs the matrix possesses randomly distributed
flaws. These flaws initiate microcracks that propagate and
coalesce to form macro-cracks. These cracks can be rendered
benign if they are bridged. Bridging occurs if the fiber-
matrix interface is weak enough to deflect the cracks and is
simultaneously strong enough for load transfer from matrix
to fibers. An optimized fiber-matrix interface would
effectively increase the toughness of the composite and its
ultimate strength. Ceramic matrices are usually porous and
this porosity permits fiber degradation particularly at high
temperatures in an oxidizing environment.

Multiaxial fiber reinforcement using 2-D and 3-D weaves
and braiding provide strengthening of the composite in
‘principal directions and a relative ease in fabrication of
complex shape composites. Braiding and weaving prevent
delaminations. But poor matrix material infiltration in
2-D and 3-D preforms can result in density variations, poor
densification, and thus decreasing the critical matrix

cracking stress.
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The mechanical behavior, damage accumulation, and
fracture in CMCs must be better understood to establish
appropriate objectives for NDE. Models for initiation
of matrix cracks, stiffness degradation, and load
redistribution need to be developed. On-~line NDE is needed
to help improve processing and help optimize interfaces via
proper feedback. Quality control NDE is required to
characterize and assure reliability of subscale components
as they become available. Noninvasive monitoring of damage
accumulation and failure sequences in loaded composites are
urgently needed to provide greater understanding of
composite mechanical behavior. Chapter VI describes an
in-situ x-ray material testing system capable of visualizing
damage accumulation and the failure sequence in CMC tensile
specimens under load.

Aerospace engine companies are making MMC subscale
engine components (Hartsel and Christopher, 1990; Hughes,
1991) concurrently with material development and
optimization because these emerging material systems require
considerable improvement and innovation in design and
manufacturing technologies. Building a 21st century civil
propulsion system can be very time consuming especially
because of economical and environmental stringent
constraints. Chapter V demonstrates the role of NDE in
guiding the development of emerging high-temperature

composite components.



CHAPTER 11X

POINT SCAN DIGITAL RADIOGRAPHY

Introduction

In this chapter a point scan digital radiography system
is developed to mainly characterize density variations in
monolithic ceramic materials and possibly to identify
composite constituents in ceramic matrix composite
materials. The objective is the development of a high
resolution high contrast digital radiography system. The
resolution is controlled by selection of appropriate source
and detector micro-collimators (100 um in diameter). The
contrast is dictated by the intensity of the beam for photon
counting statistics, by the energy spectrum of the x-ray
source, by the DQE of the detector, and by the subject
contrast.

If this system proves viable for characterizing ceramic
matrix composites, the system can be upgraded to handle

in-situ x-ray monitoring of these composites under tensile

45
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loading. Further, a comparative analysis with an in-situ
film radiographic technique (chapter VI) can be established.
The capabilities and limitations of the system are

discussed.

System Buildup

The PSDR consists of an x-ray generator/controllerl,
an x-ray tube?, an x-ray detector3, x-ray source and

detector collimators, a source collimator positioner? ,

sample and detector positioning stages and controllers®, a
photon counters, a voltage generator for the detector, a
digital multimeter and an oscilloscope, a Microvax I17 with
general purpose interface bus (GPIB) capabilities, a VT 340
terminal, and an image display monitor. Figure 3.1 shows
the digital radiographic work station and the x-ray
generator/controller that is labeled low energy. Figure 3.2

shows a block diagram presentation of the system. Figures

3.3 and 3.4 highlight the major components of the system.

XDR-5 by General Electric

AEG Corporation Electronic Component Somerville, NJ.
Bicron Corporation , Newbury, Ohio

Oriel Corporation, Stratford, Conn.

Klinger Scientific Richmond Hill, New York.

John Fluke Mfg. Co., Inc., Everret, Washington.

Digital Equipment Corporation
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Figure 3.2.—Digital radiographic system block diagram.
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The x-ray generator/controller can produce continuously
variable x-ray intensities in the range of 10 to 50 kV at
tube currents from 1 to 50 mA. Full wave rectified
operation rates the high voltage transformer at 50 kV and
50 mA maximum. The x-ray tube has a Cu anode which limit
the tube power to 2 kW. The focal spot size at the anode is

1%10 mm?

and the filtration is a 0.4 mm beryllium (Be).

The collimators are 100 um in diameter. The resulting
collimation is always less than or equal to 100 um due to
aligning the source collimator and the detector collimator.
The source collimator is positioned by using a motorized
remote control encoder mike actuator that contains the
bushing collimator mount. The detector collimator is fixed
at the front end of the detector and is positioned by
aligning the detector package.

The detector contains a 1 mm thick and 2.54 cm diameter
thalium activated sodium iodide Nal (TL) crystal, a 125 um
Be window, a voltage divider, a lo